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a b s t r a c t

This study reports on the use of PtRh/C electrocatalysts prepared by the borohydride reduction method

with different Pt:Rh atomic ratios: (90:10, 70:30 and 50:50) which was investigated toward the ammonia

electro-oxidation considering electrochemical and also direct ammonia fuel cell (DAFC) experiments. The

DAFC experiments were conducted using different proportions of NH4OH and KOH as fuels. X-ray diffrac-

tion showed the formation of PtRh alloy while transmission electron micrographs showed the particles

sizes between 4.1 and 4.5 nm. Among the different NH4OH and KOH concentrations the combination

of 3 mol L−1 NH4OH and 3 mol L−1 KOH was the most favorable due to the higher KOH concentration,

which increased the electrolyte conductivity, thus, improving the ammonia oxidation. Moreover, among

the PtRh/C electrocatalysts the Pt:Rh ratio of 90:10 showed to be the best suited one since it showed

a power density almost 60% higher than Pt. X-ray photoelectron spectroscopy results revealed for this

catalyst that the nanoparticles contain a high proportion of metallic Pt and Rh phases, supporting the

alloy formation between Pt and Rh. The improved fuel cell efficiency can be related to the combination

of different effects: the alloy formation between Pt and Rh (electronic effect), suppressing the adsorption

strength of poisonous intermediates, and a synergic effect between Pt and Rh at this composition.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The use of excessive fossil fuels, principally in the transportation
sectors, has resulted in harmful effects on human health and also
to the environment. Therefore, there is a strong need to come up
with some environmentally benign and sustainable alternatives [1].
Considering these aspects and taking into account that the most
used fuel in fuel cells is hydrogen, fuel cells represent a promising
alternative and if widely implemented in transport and stationary
power generation, they could significantly contribute to reduction
of greenhouse gas emissions [2,3].

However, several technological challenges related to hydrogen
transportation and storage infrastructure have yet to be solved
[2,4]. Thus, the use of alternative fuels such as ammonia has been
receiving a growing attention due to its low cost, stability and eases
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of storage [5]. Furthermore, ammonia is a CO free fuel and in terms
of energy density, only ammonia and hydrides exhibit an energy
density close to fossil fuels such as coal and oil, much higher than
compressed hydrogen [5–7].

Indeed, the theoretical specific charge of complete ammonia
oxidation to N2 is 4.75 Ah g−1, that is 95% of the charge of methanol
oxidation to CO2 [8]. Moreover, ammonia is also one of the most
concerning industrial wastes because of its large-scale production
and being the second largest chemical produced all over the world
[9,10].

Thus, in order to use ammonia as a fuel and also to improve the
kinetics of ammonia oxidation reaction at low temperatures, differ-
ent catalysts were already suggested such as PtIr, PtNi, PdIr, PtPd,
PdNi and others. However, until now the Pt group metals show the
most promising catalytic activity toward this reaction [8,11–16].

Actually, the commonly used electrode for ammonia oxidation
is Pt, however, some reaction intermediates and adsorbed species
also lead to the deactivation of platinum during this reaction. Nor-
mally, the formation of Nads causes the poisoning of the Pt surface
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because the adsorption energy of Nads on Pt is relatively high
[17]. Then, in order to improve Pt electrocatalytic performance of
ammonia oxidation the use of platinum-based binary catalysts is
an attractive alternative [8,11–15].

In the Pt binary nanoparticles, Pt is more employed not only
because of its electrocatalytic properties but also due to the fact
that Nads is formed at very high potentials [18] and among the
metals suggested to be active toward the ammonia oxidation Rh
is reported as a promising candidate [19,20]. Hung [19] proposed
that rhodium-based metal improves the nitrogen oxide conversion
properties of the catalysts and the selectivity toward dinitrogen,
what could contribute to the ammonia oxidation.

Aiming the development of direct ammonia fuel cells (DAFCs)
the present study describes the use of different PtRh/C electrocata-
lysts with different Pt:Rh atomic ratios (50:50, 70:30 and 90:10) to
be used as anode electrocatalysts of a DAFC. In this study, it was also
evaluated the influence of NH4OH and KOH concentrations used as
fuels. Additionally, electrochemical experiments were performed
in order to obtain more information about the materials toward
ammonia electro-oxidation.

2. Experimental

PtRh/C electrocatalyts (20 wt% of metals loading) with different
atomic ratios: 50:50, 70:30 and 90:10, Rh/C and Pt/C, were prepared
by the borohydride reduction process [21,22] using H2PtCl6·6H2O
(Aldrich) and Rh(H2O)(OH)3-y(NO3)y (Aldrich), as metal sources. All
catalysts were supported on carbon (Vulcan XC 72). The electrocat-
alysts were firstly characterized by X-ray diffraction (XRD) using
a Rigaku diffractometer model Miniflex II using Cu K� radiation
source (0.15406 nm), being the X-ray diffraction patterns recorded
in the range of 2� = 20◦–90◦ with a step size of 0.05◦ and a scan time
of 2 s per step. Transmission electron microscopy (TEM) images
were also carried out using a JEOL transmission electron micro-
scope model JEM-2100 operated at 200 kV. The atomic ratios of
Pt and Rh in the synthesized materials were measured by energy
dispersive spectroscopy (EDS) by using a JEOL–JSM6010 LA equip-
ment.

The XPS analysis was carried out at a pressure of less than
10−7 Pa using a commercial spectrometer (UNI-SPECS UHV). The
MgK� line was used (h� = 1253.6 eV) and the analyzer pass energy
was set to 10 eV. The inelastic background of the Pt 4f, Rh 3p, C 1s
and O 1s electron core-level spectra was subtracted using Shirley’s
method. The composition (at.%) of the near surface region was
determined with an accuracy of ±5% from the ratio of the rela-
tive peak areas corrected by Scofield’s sensitivity factors of the
corresponding elements. The spectra were fitted without placing
constraints using multiple Voigt profiles. The width at half maxi-
mum (FWHM) varied between 1.0 and 2.2 eV and the accuracy of
the peak positions was ±0.1 eV.

Electrochemical measurements were performed at room tem-
perature using a potentiostat/galvanostat PGSTAT 302N Autolab,
using a conventional three-electrode electrochemical cell. A plat-
inum electrode and a Hg/HgO were used as the counter and
reference electrodes, respectively. Glassy carbon (GC) electrodes
were employed as support for the working electrodes (0.166 cm2

of geometric area). Before each experiment, the GC support was
polished with alumina suspension (1 �m) and washed in water.
Ultrapure water obtained from a Milli-Q system (Millipore®) was
used in all experimental procedures.

The working electrodes were constructed by dispersing 8 mg of
the electrocatalyst powder in 1 mL water and mixing for 15 min in
an ultrasonic bath. Shortly thereafter, 20 �L of 5% Nafion® solution
was added to the suspension, which was mixed again for 20 min
in an ultrasonic bath. Aliquots of 16 �L of the dispersion fluid were

Table 1

PtRh lattice parameter, a, and mean grain diameter, d, sizes obtained by XRD and by

TEM images.

Pt:Rh XRD parameters (nm) TEM

a (Pt) d (Pt) a (PtRh) d (PtRh) a (Rh) d (Rh) d (nm)

100:0 0.392 5 – – – – –

90:10 0.392 5 0.387 9 0.382 9 4.1

70:30 0.392 6 0.386 6 0.381 8 4.5

50:50 0.392 6 0.386 6 0.381 6 4.2

0:100 – – – – 0.381 4 4.1

pipetted onto the GC surface, leading to a metal loading of 151 �g of
metal/cm2. Finally, the electrode was dried at 60 ◦C for 20 min and
hydrated for 2 min in water. All the electrochemical measurements
were performed in a 1 mol L−1 KOH solution.

Cyclic voltammograms (CV) were carried out at a scan rate
of 20 mV s−1 between −0.85 V and 0.2 V vs Hg/HgO. The electro-
catalysts were cycled for five consecutive cycles resulting in the
stable and reproducible shape of the voltammogram in ammonia
free solutions and three consecutive cycles in ammonia containing
solutions. Chronoamperometric experiments were carried out for
2 h at −0.30 V vs Hg/HgO. The electro-oxidation of ammonia was
performed in a 1 mol L−1 KOH and 1 mol L−1 NH4OH solution.

DAFCs experiments were conducted as already described by
our research group [13,24]. In these experiments a single cell with
5 cm2 of area were employed being the temperature of it set to
50 ◦C and 85 ◦C for the oxygen humidifier. All electrodes were con-
structed with 2 mg of metal per cm2 in the anode or in the cathode.
For all experiments a commercial Pt/C (BASF) was used as cathode.
A Nafion® 117 membrane previously exposed to 6 mol L−1 KOH for
24 h [13,25] was also used for these experiments.

In order to evaluate which fuel is more efficient in the DAFCs
we studied several combinations of KOH and NH4OH concentra-
tions as fuels: KOH ranging from 0.0 mol L−1 to 3.0 mol L−1 and
NH4OH ranging from 1.0 mol L−1 to 5.0 mol L−1. The fuels were
delivered at 1 mL min−1, and the oxygen flow was regulated at
150 mL min−1. Polarization curves were obtained by using a poten-
tiostat/galvanostat PGSTAT 302N Autolab.

3. Results and discussion

Fig. 1 shows the XRD patterns of the synthesized Pt/C, Rh/C and
PtRh/C with different compositions, all prepared by the borohy-
dride reduction process. The XRD patterns show five main peaks
of the face-centered cubic (fcc) crystalline structure of Pt and Rh,
namely the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 0) planes [26],
accordingly to JCPDF # 04 802 and JCPDF # 88 2334, respectively. A
broad peak at 2� about 25◦ was also observed and assigned to the
(0 2 2) reflection of the hexagonal structure of Vulcan XC 72 carbon
[27,28].

With increasing Rh content, the PtRh/C electrocatalysts showed
diffractograms with peaks shifting to higher 2� values when com-
pared to Pt/C. The observed shift indicates a lattice constriction due
to the incorporation of smaller Rh atoms into the Pt fcc structure,
suggesting the alloy formation of Pt–Rh. In order to confirm the
alloy formation, the 2 2 0 crystal planes were deconvoluted and the
lattice parameters were calculated for all synthesized materials, as
already reported on the literature [29,30]. The red line is assigned
to the Pt and green line to the Rh. The lattice parameter, listed in
Table 1, have shown for all PtRh/C electrocatalysts values lower
than that of Pt, supporting the formation of an alloyed phase. The
formation of PtRh alloy has been also suggested by other authors
[31–33].

The experimental compositions of all PtRh/C materials using the
EDS analysis were 91:9 (nominal 90:10), 75:25 (nominal 70:30),
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Fig. 1. X-ray diffraction patterns for the Pt/C, PtRh/C and Rh/C electrocatalysts.

61:39 (nominal 50:50). As can be seen, the real atomic ratios of
each PtRh/C catalysts are close to nominal values in all cases. Also, in
quantitative XPS analysis for two binary PtRh/C samples, the nomi-
nal Pt to Rh ratios of the near surface region were: 91.5:9.5 (nominal
90:10) and 45.5:54.5 (nominal 50:50), determined with and error
of ±10%.

Fig. 2 shows TEM micrographs and histograms of the parti-
cle mean diameter distribution for the binary PtRh/C and Rh/C
catalysts. In all images the particles were well dispersed on car-
bon support, although some small particle agglomerations can also
be observed. The mean average size was determined by counting
about 200 particles at different regions of the different electro-
catalysts. The mean diameter of the nanoparticles is also showed
on Table 1. It is important to stress that the borohydride method
yields a narrow size distribution, characteristic of this method of
preparation [34].

To obtain information of the bonding state of the catalysts
XPS high-resolution Pt 4f, Rh 3d and O1s core level spectra were
recorded. As shown in Fig. 3, the deconvoluted Pt 4f spectrum are
formed by four spin-orbit doublets with binding energies of Pt 4f7/2

components at 71.3 eV, 72.0 eV, 73.5 eV and 74.4 eV, attributed to
metallic Pt, Pt(OH)2, PtO and PtO2 phases, respectively [35]. As the
mean particle size is smaller than the XPS sampling depth (∼5 nm)
the XPS data reflect the core–shell structure of the catalyst, with
a near surface region formed by an internal layer of PtO followed
by external layers of PtO2 and Pt(OH)2. Considering the fitted peak
areas of the Pt/C catalyst it can be observed in Fig. 3 that the hydrox-
ide/oxide layers (74.6% of the peak area) form the major part of
the Pt nanoparticles. In contrast, for the PtRh/C (90:10) and PtRh/C
(50:50) electrode the contribution of these layers is only about 54%

and 63%, respectively, indicating the predominance of the metallic
Pt phase of the PtRh/C (90:10).

The Rh 3d3/2 spectra, shown in Fig. 4, were fitted with three
components, centered at 307.3 eV, 308.2 eV and at about 310 eV,
assigned to metallic Rh, Rh2O3, and RhCxNy phases, respectively
[35]. In analogy to oxides/hydroxides, detected for platinum, the
latter Rh phases are expected to form the surface region of the
nanoparticles. The corresponding Pt and Rh oxide components
were identified in the O 1s spectra at 530, 5 eV (not shown). Fierro
et al. [36] reported for the PtRh/C (90:10) phase binding ener-
gies of 71.1 eV for Pt 4f7/2 and 309.4 eV for Rh 3d5/2. Therefore, it
cannot be excluded that the Rh 3d5/2 component close to 310 eV
could be related to PtRh alloy. In the case of platinum the 71.1 eV
peak position overlaps with the Pt 4f7/2 component of the metal-
lic phase. Although the Rh 3d spectrum (Fig. 4), recorded for the
PtRh/C (90:10) catalyst, is quite noisy and the high-energy part
superimposed by a strong Pt 4d5/2 signal, the sub-peak intensities
allow to compare the contribution of each Rh phase for three Rh
containing catalysts. The result shows that the PtRh/C (90:10) cat-
alyst has the highest proportion of metallic phase (∼60%), while for
the PtRh/C (50:50) and Rh/C catalyst only 48.7% and 39.5% Rh0 was
determined, respectively. The combination of results obtained from
the Pt 4f and Rh 3d peak-fitting analysis indicates that the PtRh/C
(90:10) catalyst is formed mainly by metallic Pt and Rh phases, pos-
sibly forming an alloy, which should favor the ammonia oxidation
reaction.

The cyclic voltammograms in 1 mol L−1 KOH of Pt/C and PtRh/C
(90:10, 70:30, 50:50) electrocatalysts between −0.85 V and 0.2 V
are shown in Fig. 5. For Pt/C the hydrogen adsorption/desorption
region is located in potential of −0.8 V to −0.4 V [37]. The peak
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Fig. 2. TEM micrographs and histograms of (a) PtRh/C 90:10, (b) PtRh/C 70:30, (c) PtRh/C 50:50 and (d) Rh/C.
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Fig. 3. Fitted XPS Pt 4f core level spectra of the Pt/C, PtRh/C 90:10, PtRh/C 50:50 catalyst.

around −0.11 V on the positive scan is related to the adsorption
of OH on the catalyst surface and the potential region from −0.20
to 0.2 V is associated to the formation of an oxide layer on the plat-
inum surface [38]. In the reversible scan the peak at about −0.18 V is
related to the reduction of oxides [39]. For PtRh/C binary materials
is possible to observe that the hydrogen desorption/adsorption and
the OH adsorption peaks decreases as the Rh amount in the mate-
rials increases, indicating that the Rh are blocking the Pt surface.
These results are in agreement with XPS analyzes that shown more
oxides species on the PtRh/C 50:50 than on PtRh/C 90:10 surfaces.
The changes on Pt profile obtained from CV in alkaline media were
also reported in the literature using PtSn/C [38].

Fig. 6 shows the cyclic voltammograms of Pt/C and PtRh/C
(90:10, 70:30, 50:50) electrocatalysts in 1 mol L−1 KOH + 1 mol L−1

NH4OH. It is possible to observe that the onset potential for ammo-
nia electro-oxidation on Pt/C is in higher values than the ones
obtained using PtRh/C binary materials, this results are in agree-
ment with the literature [18,40]. An important observation is
that the lowest value of onset potential (∼−0.54 V) for ammonia
electro-oxidation was obtained using PtRh/C 50:50 as electrocata-
lyst. Considering the ammonia oxidation on PtRh electrocatalysts,
Vidal-Iglesias et al. [18] showed that in some catalysts based on
PtRh the onset potential shifts toward lower potentials producing

higher current densities than on pure Pt. Hung [19] suggested that
rhodium-based alloys improve the nitrogen oxide conversion of the
catalysts and the selectivity toward dinitrogen. Additionally, Vooys
et al. [20] reported that Rh dehydrogenate the ammonia molecule
at significantly lower potentials than on Pt and Ir. Moreover, the
adsorption energy of atomic Nads on Rh is considerably higher than
on Pt [20], what could explain the decrease in ammonia oxidation
as the Rh atomic ratio increases in the catalysts.

Taking into account the peak current density for ammonia
electro-oxidation, the highest value was obtained using PtRh/C
90:10, indicating that introducing small amounts of Rh in Pt electro-
catalysts it is possible to improve the ammonia electro-oxidation.
Then the use of Rh in the binary PtRh catalyst can contribute to the
ammonia oxidation reaction.

Fig. 7 shows the chronoamperometric curves for 1 mol L−1

NH4OH + 1 mol L−1 KOH electro-oxidation on Pt/C and PtRh/C
(90:10, 70:30, 50:50) electrocatalysts, obtained by polarization
at −0.30 V for 120 min. Using PtRh/C 90:10 as electrocatalyst,
the current density associated to the ammonia electro-oxidation
was higher than that obtained using other catalysts. Pt/C and
PtRh/C 50:50 deactivates in about 25 min and 40 min, respectively.
Lomocso and Baranova [15] also observe the Pt/C deactivation in
less than 60 min using 1 mol L−1 KOH and 0,5 mol L−1 NH4OH. The
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Fig. 4. Fitted XPS Rh 3d core level spectra of the Rh/C, PtRh/C 50:50, PtRh/C 90:10

catalyst. (In the presence of Pt the Rh 3d3/2 spin orbit components overlap with the

Pt 4d5/2 intensities).

PtRh/C 50:50 deactivation might be related to the poisoning on
the catalyst surface by Nads due to the higher amount of Rh in this
proportion. The best result obtained using PtRh/C 90:10 could be
related to the predominant metallic phase as shown in the XPS ana-
lyzes. Similar results were obtained by Allagui et al. [8] using PtIr/C
synthesized in different pH values. The authors reported that the

Fig. 5. Cyclic voltammograms of Pt/C and PtRh/C electrocatalysts in 1 mol L−1 KOH

at � = 20 mV s−1 at room temperature.

Fig. 6. Cyclic voltammograms of Pt/C and PtRh/C electrocatalysts in 1 mol L−1

KOH + 1 mol L−1 NH4OH at � = 20 mV s−1 at room temperature.

material with the lowest amount of oxide on the surface shows
higher catalytic activity toward ammonia electro-oxidation.

Considering DAFC experiments, it is known that Nafion® mem-
brane exhibits excellent balance of high chemical, electrochemical
and thermal stability, and also high proton conductivity [25]. Fur-
thermore, due to its better endurance in alkaline solution, it is also
used as electrolyte in chlorine-alkali industry and alkaline direct
borohydride fuel cell [41]. Considering alkaline direct ethanol fuel
cell just few authors reported on alkali modified Nafion® mem-
brane and among them NaOH is usually used to modify Nafion®

[42], although it is well known that KOH solution has higher ionic
conductivity than NaOH under the same conditions.

Hou et al. [25] studied the ionic conductivity of Nafion
112/KOH membranes for different KOH concentrations: 1 mol L−1,
3 mol L−1 and 6 mol L−1. The corresponding ionic conductivity was
0.011 S cm−1, 0.026 S cm−1 and 0.032 S cm−1, respectively, evidenc-
ing that the ionic conductivity of Nafion® 112 membrane increases
with the KOH concentration. Consequently, the highest power den-
sity is expected to be observed at the higher KOH concentrations.

In order to study more deeply the fuel influence in the fuel cell
performance we evaluated in DAFCs experiments different combi-
nations of NH4OH and KOH concentrations.

Fig. 8 displays cell voltage and power density as a function of the
current density obtained for 1 mol L−1 NH4OH, varying the KOH
concentration between 0 mol L−1 and 3 mol L−1. Fig. 9 shows the

Fig. 7. Chronoamperometric measurements at −0.30 V vs Hg/HgO for Pt/C and

PtRh/C electrocatalysts in 1 mol L−1 KOH + 1 mol L−1 NH4OH at room temperature.
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Fig. 8. Polarization and power density curves of a 5 cm2 DAFC with 2 mg metal cm−2 in both anode and cathode at 50 ◦C and using 1 mol L−1 NH4OH and KOH ranging from

0 mol L−1 to 3 mol L−1 .

maximum power density vs atomic composition of Pt in PtRh/C
electrocatalysts, using 1 mol L−1, 3 mol L−1 and 5 mol L−1 NH4OH,
varying for each NH4OH value, the KOH concentration between
0 mol L−1 and 3 mol L−1.

The results, summarized in Tables 2 and 3, show that increasing
the KOH concentration there is also an increase of the cell poten-
tial and power density, showing best performance for all studied
catalyst at 3 mol L−1 NH4OH and 3 mol L−1 KOH. The fuel cell per-
formance (maximum power density) was about twice higher using
3 mol L−1 KOH, compared to the fuel cell performance without KOH

for all NH4OH concentrations. In all experiments, the highest cell
potential and power density were obtained for Pt:Rh ratio of 90:10,
followed by catalysts with ratios of 70:30, 50:50, 100:0 and 0:100.

Analyzing the KOH concentration dependence it is possible to
affirm that there was an increase in the conductivity induced by
higher KOH concentration leading to a higher power density. Simi-
lar results of increased activity at elevated KOH concentrations was
reported by Yao and Cheng [11] using Ni–Pt anodes.

Recent studies using PtIr anodes [13] showed that the increase
of the NH4OH concentration results in an significant improvement
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Fig. 9. Maximum power density vs atomic composition of Pt in PtRh/C electrocatalysts using 1 mol L−1 , 3 mol L−1 , 5 mol L−1 NH4OH and KOH ranging from 0 mol L−1 to

3 mol L−1 .

of the power density. Allagui et al. [43] studied different ammonia
concentrations using PdNi electrocatalysts and observed a linear
increase of the ammonia oxidation when increasing its concentra-
tion, followed by a slight activity decrease at higher concentrations.
They related the saturation behavior to the lack of active species on
the catalyst surface available for the ammonia oxidation. On the
other hand, Lomocso and Baranova [15] attributed the decrease
of maximum peak current density at higher NH4OH concentra-
tions to the increasing in the Nads formation, blocking active sites
and preventing ammonia electro-oxidation. Additionally, the elec-
trode surface could be also saturated with other adsorbed species,

Table 2

Open circuit potential (OCV) obtained during DAFC experiments at 50 ◦C.

NH4OH KOH Electrocatalysts compositions

concentrations concentrations Pt:Rh

(mol L−1) (mol L−1) 100:0 90:10 70:30 50:50 0:100

OCV/V

1.0 0.0 0.31 0.48 0.38 0.35 0.20

1.0 0.46 0.54 0.54 0.47 0.39

3.0 0.51 0.65 0.62 0.58 0.48

3.0 0.0 0.32 0.50 0.37 0.35 0.12

1.0 0.46 0.57 0.52 0.47 0.36

3.0 0.51 0.68 0.58 0.54 0.41

5.0 0.0 0.33 0.52 0.36 0.34 0.12

1.0 0.47 0.62 0.50 0.46 0.26

3.0 0.51 0.64 0.53 0.51 0.28

affecting the capability of the catalysts to oxidize at higher ammo-
nia concentrations [15].

Recently, we investigated the DAFC performance of Pd/C, PdIr/C
and Ir/C as anode electrocatalysts [24], observing that for Pd/C
and PdIr/C (90:10) both OCV and maximum power density were
lower using 5 mol L−1 than 3 mol L−1 NH4OH. This was attributed
to the increased rate of Nads formation at 5 mol L−1 NH4OH, block-
ing actives sites since ammonia dehydrogenation on Pd occurs
at low potential favoring the formation of the poisonous Nads

species.
The low DAFC performance of the Rh/C catalyst at 5 mol L−1

NH4OH, observed in the present work, suggests that at high NH4OH
concentrations the formation rate of Nads increases on Rh electrode,
since the ammonia is dehydrogenated in significant lower poten-
tial on Rh than on Pt [44]. Additionally, the adsorption energy of

Table 3

Maximum power density (MPD) obtained during DAFC experiments at 50 ◦C.

NH4OH KOH Electrocatalysts compositions

concentrations concentrations Pt:Rh

(mol L−1) (mol L−1) 100:0 90:10 70:30 50:50 0:100

MPD/mWcm−2 align=c̈enter¨

1.0 0.0 1.05 2.42 1.63 1.18 0.40

1.0 2.29 2.92 2.90 2.26 1.33

3.0 2.93 4.56 4.22 3.12 2.12

3.0 0.0 1.14 2.78 1.68 1.30 0.17

1.0 2.40 3.51 2.83 2.27 1.22

3.0 3.02 5.37 3.84 3.02 1.72

5.0 0.0 1.28 3.07 1.56 1.31 0.19

1.0 2.70 4.15 2.88 2.24 0.72

3.0 3.08 4.92 3.36 3.05 0.89
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atomic Nads on Rh (−448 kJ mol−1) is considerably higher than on
Pt (−394 kJ mol−1) [20], which could explain the decrease in the
maximum power density as the Rh atomic ratio increases in the
catalysts.

In this context the formation of a PtRh alloy, indicated by the
XRD data, could have a synergetic effect to the ammonia oxida-
tion since the electronic effect of the valence band structure might
contribute to the reduction of the adsorption strength of poisonous
intermediates. Furthermore, among all the electrocatalysts in this
study, the PtRh/C (90:10) showed to be the most promising mate-
rial since the power density, obtained in a DAFC, was almost 60%
higher than that obtained using Pt/C as anode at 3 mol L−1 NH4OH
and 3 mol L−1 KOH. This result could also be explained by a synergic
effect of Pt and Rh, which combines the dehydrogenation ammonia
at lower over potential at Rh sites with low adsorption energy of
Nads on Pt (compared to Rh) [20]. This behavior can be explained
by the favorable effect of the electronic structure of the metallic
phase (valence band orbitals), found by XPS to be the predominant
phase in the PtRh/C (90:10). Comparing the overall performance of
the PtRh/C (90:10) catalyst with previous results, it is important to
point out that the power density obtained for the PtRh/C (90:10)
was higher than that found in previous studies using PtIr/C catalysts
[13] and PdIr/C [24]. Also the OCV values were higher than those
obtained by Suzuki et al. [45] using PtRu/C as anode, although at
different conditions.

4. Conclusions

Results obtained from direct ammonia fuel cells experiments,
using different combinations of NH4OH and KOH concentrations,
clearly showed that the KOH plays an important role in the ammo-
nia oxidation reaction since it improved the power density by
a factor of two. Among the PtRh/C electrocatalysts the electrode
with Pt:Rh atomic ratio of 90:10 showed the best catalytic activ-
ity in electrochemical experiments. In terms of DAFC performance
the highest power density and cell potential were obtained using
this material for all NH4OH/KOH concentrations, showing highest
power density when using 3 mol L−1 KOH and 3 mol L−1 NH4OH.
This power density was almost 60% higher than that obtained with
pure Pt electrode. Three effects were identified to contribute to the
high performance of the material: (i) improved nitrogen oxide con-
version properties on rhodium-based metal; (ii) electronic effect
due to a PtRh alloy formation, lowering the adsorption strength of
poisonous intermediates and (iii) a synergic effect between Pt and
Rh at this composition.
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